Introduction
In a study of concurrent interleaved melodies, Dowling (1973) found that the ability of auditors to recognize well-known melodies was highly sensitive to the pitch overlap of the two melodies. Concurrent alternating melodies with interleaved pitches were found to engender considerable confusion in the segregation of the two auditory streams.1 Dowling found that as the melodies were transposed so that their mean pitches diverged, recognition scores were markedly increased:
The amount of transposition required for the melodies to be identified was generally that amount which left the ranges of the melodies not quite overlapping. For example, "Happy Birthday" . . . would become recognizable when transposed ... so that its lowest note would fall slightly above the highest note of "Frere Jacques." (Dowling, 1973, pp. 326-327) It is possible to distinguish three related hypotheses that might account for the source of perceptual confusion observed by Dowling (Figure 1 ).
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1. Musicians use the word "voice" in a manner analogous to the notion of an auditory stream (Bregman & Campbell, 1971) . In this paper, the terms "voice," "stream," and "part" will be used interchangeably.
Fig. 1. Schematic illustration of three hypotheses.
First, stream segregation might be determined primarily by differences in tessitura-that is, differences in the region of pitch activity for the two voices. In other words, overlapping ranges or occasional crossing of parts may be perceptually unimportant so long as the means of the pitch distributions for the concurrent voices remain significantly separated. Second, stream segregation might be primarily the result of disjoint pitch ranges for the two melodies-that is, where the highest pitch of one auditory stream is below the lowest pitch of a second stream for a passage of some duration. According to this hypothesis, the mean pitches of the two voices may be quite close, provided their respective pitch ranges do not overlap. Or third, stream segregation might be primarily the result of the avoidance of local crossing of streams (i.e., concurrent streams are free to range anywhere in the pitch domain so long as one stream always remains above the other). For convenience, the first, second, and third hypotheses can be dubbed respectively the "tessitura," "range-overlap," and "localcrossing" hypotheses. None of these three accounts are mutually exclusive, and in principle all may affect the perceived segregation of auditory streams.
In fully three-quarters of Dowling's trials, subjects were able to identify a melody only after all overlap between the pitch distributions for the two melodies had been eliminated. Prima facie this result supports the rangeoverlap (second) hypothesis, but the experimental results are consistent with any one of the three hypotheses outlined above. Dowling was able to dismiss the first rival hypothesis by showing that at the point of melody recognition, variability of the amount of pitch transposition was greater than variability in the amount of pitch overlap (p. 327). But Dowling was unable to distinguish the range-overlap and local part-crossing hypotheses (Hypotheses 2 and 3).
Subsequent experimental results have confirmed the perceptual difficulty of tracking auditory streams that cross with respect to pitch. Deutsch (1975) and van Noorden (1975) found that concurrent ascending and descending tone sequences are perceived to switch direction at the point where their trajectories cross. That is, listeners are disposed to hear a "bounced" percept in preference to the crossing of auditory streams. Further experiments by Bregman (1985, 1990) have suggested that the inability to track crossed streams arises from the dominance of pitch proximity over pitch trajectory as the preeminent principle of perceptual organization.
For musicians, these experimental results bring to mind a well-known rule in traditional voice-leading that overtly discourages local partcrossing (i.e., Hypothesis 3).2 Two questions can be raised concerning the epistemological status of this musical rule or heuristic. If composers endeavor to segregate voices by assigning each a different tessitura (e.g., soprano, alto, tenor, bass) or more stringently by avoiding range overlapping, then occurrences of local part-crossing are apt to be rare whether or not the composer strives to obey a rule explicitly forbidding partcrossing. Thus the traditional voice-leading rule discouraging partcrossing may be gratuitous: the avoidance of part-crossing may be predominantly an artifact of differences in the pitch distributions for the various voices. Second, assuming that the avoidance of part-crossing is a genuine compositional imperative independent of voice segregation by tessitura, is there any direct evidence supporting the view that the underlying goal of this rule is the prevention of the sort of perceptual confusions first observed by Dowling?
Part-Crossing in Bach
In order to address these questions, a study of part-crossing was carried out on a selection of 105 polyphonic works by Johann Sebastian Bach. The genre of music dubbed "polyphony" is appropriate for such a study because polyphonic composers explicitly construct multiple concurrent musical parts or streams whose perceptual independence is deemed important. Thus, one might assume that there exists in polyphonic music a compositional intent to preserve stream segregation between the voices -an intention that may not be present in other types of music.
Sample
Not all polyphonic repertoires provide a suitable oeuvre from which to extract sample works for analysis. In the case of choral polyphony, for example, the tessituras of the vocal parts are constrained by the range of male and female voices. Similarly, flutes, violins, and other treble instruments are not free to delve into the bass region. In such cases, the apparent avoidance of part-crossing may simply be an artifact of the need to avoid exceeding an instrumental or vocal range. In our choice of an analytic sample, it would be useful to eliminate idiomatic factors that constrain tessituras in such a way as potentially to reduce the amount of partcrossing. Only in keyboard music do we find parts that are, in principle, relatively free to traverse a substantial pitch range -and where, in principle, the potential range for all polyphonic voices is the same.
One potentially confounding idiomatic factor in keyboard works arises from motor constraints such as hand-spans. For polyphonic keyboard works containing more than two parts, limited hand-spans will tend to increase the pitch proximity between voices. But if anything, the closer tessituras ought to result in an increase in part-crossing rather than a decrease. It is unlikely that the avoidance of part-crossing could be attributed to limitations of hand-spans. In short, the motor constraints in keyboard performance should prove less problematic than the confounding effect of instrumental or vocal ranges. Keyboard works are also to be favored because the parts maintain relatively homogeneous timbres -and so circumvent the confounding problem of timbre-induced streamsegregation effects observed by Wessel (1979) . For these reasons, the works chosen for analysis were drawn from Bach's polyphonic keyboard writings and from a well-known group of works that have no apparent instrumentation. The sample included 15 two-part keyboard Inventions, 15 three-part Sinfonias, 48 fugues from the two volumes of The Welltempered Clavier (WTC), 15 fugues from The Art of Fugue (AOF), 2 ricercari from The Musical Offering (MO), and a random sample of 9 organ works of various textural densities.
Measurement of Part-Crossing
Instances of local part-crossing may be defined as occurring whenever a pitch in a nominally lower voice exceeds a concurrent pitch in a nom-inally higher voice. Each novel vertical pitch arrangement between two voices can be deemed a distinct sonority; hence the degree of local partcrossing in a work can be expressed as the proportion of vertical sonorities in which a part-crossing has occurred. For works having more than two parts, all pairs of neighboring voices can be measured; thus in a four-part work, three neighbor pairs are examined: bass/tenor, tenor/alto, and alto/ soprano. Again, each novel pitch arrangement between two neighboring voices (in which neither voice contains a rest) is deemed to constitute a new vertical sonority, and the degree of part-crossing is expressed as a proportion of the total number of sonorities. Table 1 shows the proportion of crossed sonorities for all 105 works used in the study. In general, the proportion of crossed sonorities is lowranging between 0% and 10%. As the number of concurrent voices increases in a work, the proportion of crossed sonorities also tends to increase. This trend can be accounted for by the general range of the works. An examination of the upper and lower pitch bounds of the works reveals that Bach tends to use the full pitch range provided by baroque keyboard instruments-independent of the number of concurrent voices. As the number of parts increases, Bach simply crowds more voices into the same overall pitch range. This fact lends support to the view that part-crossing is an artifact of closer tessitura means (i.e., Hypothesis 1). But evidence to the contrary can be found by examining the within-voice pitch standard deviations. Table 2 shows that as the number of voices increases, the pitch spread within the voices decreases.
If the tessitura hypothesis alone is true, then there is no reason why the tessitura distributions should "tighten-up" in this manner as the number of voices is increased. However, both the range-overlap and local-crossing hypotheses would predict such an effect. The reduction of within-voice pitch variance as the number of voices increases is consistent with both the avoidance of local part-crossing and the maintenance of nonoverlapping pitch ranges between neighboring voices. All of the neighboring voice pairs in the works studied have at least some overlap in their pitch ranges. This fact mitigates against the range-overlap hypothesis, but it would be reassuring to find more robust evidence in support of the localcrossing hypothesis.
The local-crossing hypothesis can be distinguished from both the tessitura and range-overlap hypotheses by examining the role played by intervoice melodic contouring. In the tessitura and range-overlap hypotheses, the relationship between the melodic contours of the two voices is irrelevant. Randomly reordering the notes within a given voice will not change its tessitura or its range. However, such a random reordering will destroy any correlations of melodic contouring between concurrent voices. Such coordinations of melodic contours ought to prove crucial where two free-ranging streams are expected to avoid local part-crossing (Hypothesis 3). 
Auto-Phase Method
In order to test that the local part-crossing hypothesis is independent of the effects of tessitura and range overlapping, we need to be able to compare the actual compositional practice to a body of music in which the effects of tessitura and range are controlled. One way to achieve this is to generate pitches for a hypothetical stochastic "work" in which the pitch distributions of neighboring voices are identical to the pitch distributions of neighboring voices in the original materials. The proportion of local part-crossing in the stochastic works can then be measured and compared with measures of part-crossing in the actual works. However, in the process of destroying the between-voice melodic contours, a simple random reordering of pitches could have the undesirable effect of disrupting within-voice melodic contouring. Within-voice intervalic behavior has been shown to be important in the preservation of stream coherence (Dowling, 1967; McAdams &C Bregman, 1979; Miller &c Heise, 1950; Norman, 1967) . In testing the local crossing hypothesis, it is preferable to establish a control group that preserves within-voice melodic contouring while randomly destroying between-voice contour correlations.
To this end, a technique was devised that may be dubbed the auto-phase method-a method that can be likened to an autocorrelation. The method can be conceived of by using the following metaphor. A two-part work may be imagined to be notated on a single long strip of paper. The beginning and end of this strip are joined together and the two parts are cut apart to form two independent but parallel loops in the manner of a circular slide rule. One of the voices can be shifted with respect to the other through a complete circle of 360 degrees, but only when the parts are aligned at zero degrees does their relationship correspond to the original musical score. The proportion of part-crossing can be measured for each novel configuration as the parts are shifted with respect to each other, vertical sonority by vertical sonority. The actual part-crossing value (measured at zero degrees) can then be compared with the distribution of values produced by the aggregate of all other phase values.
The advantage of this method is that each rearrangement preserves the identical pitch distributions for the two voices, the same within-voice melodic contouring, durations, and within-voice rhythmic structure. Thus, this method allows us to factor out the effects of pitch range and tessitura as well as melodic contouring on local part-crossing. All non-zero-degree values can be amalgamated to provide a controlled distribution against which the actual part-crossing value can be compared. Figure 3 displays a marked difference between the two-part writing (on the one hand), and three-, four-, five-, and six-part writing (on the other). In the two-part writing, Bach is vigilant to avoid local part-crossing. But in writing with more than two parts, Bach is much more vigilant to avoid the crossing of parts. As the number of voices increases (and so become more crowded together), it becomes more difficult to prevent the voices from becoming entangled in the pitch domain. Although the proportion of part-crossing increases with the denser textures, these measures obscure the fact that Bach is trying harder to keep the voices from being entangled in one another.
Discussion and Conclusion
An analysis of 105 polyphonic works by J. S. Bach shows that Bach's compositional practice accords with the traditional voice-leading rule to avoid local part-crossing. Where an objective of polyphonic music is to preserve independent perceptual images of concurrent parts, these results are consistent with experiments demonstrating the preeminence of "bounced" perceptions (Deutsch, 1975; Tougas & Bregman, 1985) and with Dowling's demonstrations of pitch-overlap-engendered perceptual confusion. Further, the observed avoidance of part-crossing in the musical repertoire cannot be regarded as a mere artifact of voice segregation by tessitura (Hypothesis 1). Pitch-domain methods of stream segregation are not exhausted once a composer has distinguished voices according to range: soprano, alto, baritone, etc. Nor is the range-overlap hypothesis (Hypothesis 2) consistent with musical practice. Of the three hypotheses, musical practice predicts that the best interpretation of Dowling's (1973) result is given by Hypothesis 3 (i.e., stream segregation is enhanced by the avoidance of local pitch-crossing).
In other research it has been shown that as the number of concurrent voices is increased in multivoiced textures, perceptual confusion also increases (Huron, 1989; Parncutt, 1990 ). Bach's increased vigilance in avoiding part-crossing as the number of parts expand is thus consistent with the hypothesis that Bach is attempting to minimize perceptual confusions as the textural density increases. This practice parallels Bach's practice pertaining to the avoidance of inner voice entries (Huron & Fantini, 1989) . Together, these results demonstrate a significant agreement between compositional practice in polyphonic music and empirical research concerning auditory stream segregation.3
